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Abstract

General background: Electromagnetic wave modeling is essential for modern communication systems,
yet classical numerical solvers such as FDTD, FEM, and MoM often face high computational cost and
meshing limitations. Specific background: Recent advances in physics-informed machine learning offer
new approaches to solving Maxwell’s equations through continuous, mesh-free models. Knowledge gap:
Despite growing interest, the performance, accuracy, and scalability of Physics-Informed Neural
Networks (PINNs) for full-wave electromagnetic propagation remain insufficiently validated against
established numerical solvers. Aims: This study develops a PINN framework that embeds Maxwell’s
PDEs, initial conditions, and boundary constraints directly into a unified loss function to model one-
dimensional wave propagation. Results: The proposed PINN achieves <1% relative error compared with
an FDTD reference, demonstrates stable convergence, accurately reproduces wave propagation and
reflections, and performs 100x faster during inference while using 40% less memory. Novelty: The
model provides a continuous, differentiable electromagnetic field representation without discretization,
enabling physically consistent predictions and fast generalization to different boundaries or materials.
Implications: These results highlight PINNs as a promising mesh-free alternative for real-time
electromagnetic analysis, with scalability toward higher-dimensional waveguides, antennas, and
inverse design applications.

Highlight :

PINNSs incorporate Maxwell’s PDE residuals directly into training to ensure physically consistent
electromagnetic field predictions.

The model achieves accuracy comparable to classical solvers while reducing computational load
and avoiding mesh constraints.

. Results demonstrate reliable wave propagation, reflection behavior, and high numerical stability
within the simulated domain.

Keywords : Physics-informed neural networks, Maxwell’s equations, electromagnetic propagation,
wave modeling, mesh-free computation
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Introduction

Electromagnetic wave propagation is the cornerstone of contemporary communication systems, including the design of wireless
transmission, antennas, waveguides, and light guides. Solutions to Maxwell's equations—the key partial differential equations
(PDEs) of electromagnetism—are essential for predicting field behavior to optimize device performance and signal integrity in
transmission engineering. Analytical solutions to Maxwell's equations exist for simple geometries or homogeneous media, while
realistic applications involve complex boundaries, discontinuities, and multi-scale interactions, making closed-form solutions
invalid. A computational approach has now become the basis for analyzing electromagnetic fields in transmission engineering.

Traditional numerical techniques such as finite-difference time-domain (FDTD) [1], finite element method (FEM) [2], and
moment method (MoM) [3] are used to solve Maxwell's points. These techniques divide the computer space into finite jobs or
tasks, and the tasks are solved numerically by humans. Even though highly accurate, the techniques are handicapped by
computational intensity, memory consumption, and the inability to deal with irregular geometries or the high-frequency
domain. The FDTD techniques, for example, are limited by the Courant—Friedrichs—Lewy (CFL) condition, with FEM and MoM
experiencing difficulties with meshing and dense-matrix computations in large-scale applications [4], [5]. The handicaps
become severe in transmission engineering applications, where precise modeling of the transmission lines, waveguides, and
dielectric interfaces necessitate fine spatial resolution and also temporal stability.

Latest developments in deep learning and artificial intelligence have also provided new avenues for the resolution of PDEs with
data-driven methods. Among them, the Physics-Informed Neural Networks (PINNs) [6] provided an influential mesh-free
framework that pools the physical rules directly within the training of the neural network. Rather than depending entirely on
the data, the PINNSs keep the governing PDEs' residuals and the boundary conditions' residuals within their loss function and
allow them to learn the spatio-temporal continuous representations of the physical quantities. This makes them become highly
interesting within the domain of electromagnetics, in which it is expensive or impossible to get the labeled data.

Raissi et al. [7] initially proposed the idea of PINNSs for the resolution of nonlinear PDEs with the capacity to approximate
forward and inverse problems. Subsequent papers like Lu et al. [8] and Yu et al. [9] extrapolated the method with enhancements
in training stability, auto differentiation, and gradient-enhanced loss functions. These approaches were shortly adapted for
applications in electromagnetics, where electric and magnetic field components (E,H)(E,H)(E,H) can be approximated by
PINNs without explicit discretization [10]. Zhang et al. [11] provided one of the pioneering PINN-based solvers for
electrodynamics with accurate recreation of time-domain field evolution dictated by Maxwell’s equations. Chang et al. [12]
designed a conservative hybrid PINN-numerical solver to ensure stability in the propagation regime with large frequencies.

Subsequently, progress is made in convergence and scalability. Yu et al.'s [9] Gradient-Enhanced PIN (Fourier Enhanced PIN)
adds to the base by introducing structure-fortified triads, while DP Fourier Enhanced PIN[13] and Fourier Feature PIN [14]
use spectral methods to address highly structured field variations. Asymmetric media and complex boundary statics—typical
inelasticities in transmission gangs and waveguides—have also been introduced for domain decomposition approaches[15] and
multi-network yugman [16]. Leon et al.[17] introduced the study of matrix-domain metrics for Maxwell's graph-domain metrics
with neural archaeologists. Research papers such as MaxwellNet[18] and Scanal Enabled DAP Maxwell Solver[19]provide
examples of the capabilities of neural PDI solvers.

In the realm of transmission engineering, the implementation of PINNs offers an adaptable alternative to the grid-based solvers
used to study the electromagnetic propagation in transmission lines, microstrip devices, and fiber-optic connections. Unlike
the typical solvers relying on discretization of the boundaries and meshing, the PINNs allow the presentation of continuous
solutions throughout the whole domain and can be directly in the loss function to take in interface and material discontinuities.
Additionally, the PINNs can be enriched to the inverse cases like parameter estimation or transmission network defects
detection [20].

The primary goal of this research is to create and compare a Physics-Informed Neural Network (PINN) platform for the
resolution of Maxwell’s equations of interest in electromagnetic waves propagation and transmission engineering. The new
model imposes the PDE residuals of Maxwell’s equations along with the initial and boundary conditions in an integral neural
system. Theoretical experiments prove the proposed method to be exact to that of conventional solvers (FDTD, FEM) with
much less computational cost and higher flexibility in treating intricate domains. This research accordingly forms an important
step in closing the computational electromagnetics and physics-informed deep learning divide with implications for
computational real-time simulation and design automation.

Governing Equations (Maxwell’s PDEs)

Electromagnetic fields are regulated by Maxwell’s equations and give the relationships among the electric field E, the magnetic
field H, electric flux density D, the magnetic flux density B, electric charge density p, and the current density J.

Differential forms of Maxwell’s equations:

divD=p ®
divB=o0 (2)
curl E = -9B/ot (3)
curl H=J + dD/ot (@)

These four partial differential equations (PDEs) form the basis for describing time-dependent electromagnetic fields in any
medium. The constitutive relations connect the field quantities with the material properties of the medium:

D=¢cE B=pH J=0E (5)
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where:
a. &= permittivity (F/m),
b. u=permeability (H/m),
c. 0o = electrical conductivity (S/m).

These parameters dictate the propagation of the electromagnetic waves in lossless, lossy, or dielectric media. By plugging in the
constitutive relations (5) in the equations (3) and (4), and curling the equation (3), we get the equation of the electromagnetic
waves:

V2E — ne (92E/0t2) — no (8E/dt) = o 6)
V2H — p e (82H/8t2) — no (8H/ot) =0 @

Equations (6) and (77) represent the vector wave equations for the electric and magnetic fields, respectively. In a lossless medium
(o = 0), they simplify to:

V2E = p e (92E/0t2) (8)
V2H = p e (92H/9t2) )
These describe electromagnetic wave propagation at a velocity
v=1/V(ne)
In free space, where 1 = po = 475t x 1077 H/m and € = €0 = 8.854 x 10712 F/m, the wave speed becomes
c=1/V(uo o) = 3 x 108 m/s.

These wave equations in transmission engineering directly connect to the telegrapher’s equations that give the propagation of
the current and voltage back and forth along transmission lines. In a monotonic form, the coefficient (8) governs the behavior
of the electric field (or voltage) along the line, facilitating the study of reflection, impedance matching, and loss. Therefore,
revolutionary and influential solutions to Maxwell's PDEs have become the documents for the design and tuning of high-
frequency detectors. The index-improved neural network (PIN) model takes full advantage of such margin ratios by
incorporating (1)-(9) into its loss function, thereby adhering to Maxwell's physical basis throughout the entire field of implicit
neural model calculations.

Physics-Informed Neural Networks (PINNs) Framework

The Physics-Informed Neural Network (PINN) is a deep-learning model in which the physical laws are imputed directly in the
training of the neural network. Rather than just utilizing data, the network imprints itself with a continuous mapping between
the target field quantities and the input variables (space and time) by reducing the residuals in the governing equations. In this
paper, the PINNSs is used to approximate the electric and the magnetic field components that ensure Maxwell’s equations (1) —
(9) hold. The task is to create the network f(x, t; 0), with weights 0 the parameters, which predicts the fields:

E(x, t) = fi(x, t; ) and H(x, t) = f2(x, t; 0)
A. Network Inputs and Outputs
a. Inputs: spatial coordinates (x, y, z) and time t
b. Outputs: electric field components (Ey, E,, E_z) and magnetic field components (Hy, H,, H_z)

c. Architecture: fully-connected feed-forward neural network with several hidden layers and nonlinear activation functions
(tanh, ReLU, or sine).

Automatic differentiation is used to compute spatial and temporal derivatives required by Maxwell’s PDEs.
B. PDE Residuals
For each point in the computational domain, the PDE residuals are computed as follows:
Residual 1: ri(x,t) = div(D) — p = div(eE) — p
Residual 2:  r2(x, t) = div(B) = div(uH)
Residual 3: r3(x, t) = curl(E) + 9B/ot = o
Residual 4: ra(x,t) = curl(H) -J - 9D/dt=0
When the network is perfectly trained, these residuals should approach zero at all sampled space-time points.
C. Loss Function
The total loss L. combines the PDE residual errors, boundary conditions, and initial conditions:
L=L PDE+L_BC+L_IC

1. L_PDE: mean-square error of residuals ri—ra4 over collocation points.

2. L_BC: boundary-condition error between predicted and specified field values at the boundaries.

3. L_IC: initial-condition error at t = 0.
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In mathematical form:
L_PDE = (1/N_r) 2 |r_i(x_j, t_j)|2
L_BC=(1/N_b) X |E_pred(x_b, t_b) — E_true(x_b, t_b)|2
L_IC=(1/N_i) X |E_pred(x_i, 0) — E_true(x_i, 0)|2

The optimizer (Adam or L-BFGS) updates the parameters 0 to minimize L and enforce the physics constraints during training.

D. Training Workflow

1. Sampling Points: Generate random collocation points (x, t) across the domain and boundaries.

2. Forward Pass: The neural network predicts E and H fields for each point.

3. Automatic Differentiation: Compute partial derivatives (0E/dt, V-E, VxE, etc.) directly from the network using automatic
differentiation.

4. Compute Loss: Evaluate PDE, boundary, and initial residuals.

5. Optimization: Update the network parameters to minimize total loss.

6. Convergence Check: Training continues until the residuals and validation errors reach desired thresholds.

E. Advantages for Maxwell’s Problems

The PINN approach provides several advantages over classical solvers:

a. Mesh-free formulation: eliminates grid generation and numerical dispersion errors.

b. Continuous solutions: yields differentiable functions for E and H over space-time.

[ Flexibility: easily handles irregular geometries, inhomogeneous media, and variable material parameters.

d. Data-efficient learning: can incorporate sparse measurement data or operate purely from governing equations.

e. Unified framework: capable of addressing both forward and inverse electromagnetic problems, such as reconstructing

material properties or current sources.

F. Implementation Notes

a. Framework: TensorFlow or PyTorch with automatic differentiation.

b. Optimizers: Adam for pre-training followed by L-BFGS for fine-tuning.

[ Typical configuration: 8—10 hidden layers, 50—100 neurons per layer.

d. Activation: hyperbolic tangent (tanh) for smooth derivatives.

e. Training data: collocation points (103—105) depending on problem dimension.

The trained network resulting therefrom offers a differential analytical representation of the electric and the magnetic fields
that fulfills Maxwell’s PDEs throughout the whole computational domain. This renders the PINN framework an effective and
generalizable tool for the simulation of the electromagnetic and analysis of transmission engineering.

The figure 1 illustrates the overall architecture of the proposed Physics-Informed Neural Network (PINN) used to solve
Maxwell’s equations for electromagnetic wave propagation. The network receives the spatial and temporal coordinates (%, y, z,
t) as inputs and produces the corresponding electric and magnetic field components (E,, E,, E_z, H,, H,, H_z) as outputs. A
fully connected neural network with several hidden layers acts as a continuous nonlinear function approximator that maps the
input domain to the electromagnetic field responses. The predicted fields are then substituted into Maxwell’s partial differential
equations to compute the residuals (r1—r4), representing Gauss’s laws and the curl equations for E and H. These residuals,
along with the boundary and initial conditions, are incorporated into a composite loss function L = L PDE + L_BC + L_IC,
which drives the network to satisfy both the governing physics and the prescribed constraints. While minimizing total noise
during training, PINN produces a solution that is not consistently discriminative but requires a small amount of spatial
discretization.
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Figure 1: Architecture of the_proposed(PINN)used to solve Maxwell’s_equations

Problem Setup and Simulation Design

The efficiency of the network neural network architecture (PINN) was proposed by him, experimentally and numerically
demonstrated and Maxwell Nian described the propagation and electromagnetic transmission through unidimensional. This
machine model has not been simplified but has been used to verify the generalizability of a homogeneous solver nerve by using
the same line of transmission.A. Physical Domain

The_computational domain is defined as :
x€[o,L], telo,T],

where L is the physical length of the propagation path, and t is the total propagation time.propagasaun total.The
electromagnetic wave is assumed to propagate along the x-axis in a homogeneous, lossless dielectric medium characterized by:

e=¢€0=8.854 x 10712 F/m
HL=po=4mx 107 H/m
o = 0 (lossless medium).
Under these assumptions, Maxwell’s equations reduce to the one-dimensional wave equations:
92E/9x2 = p & 92E/t2
92H/0x2 = & 92H/dt2.

These equations describe the coupling between the electric and magnetic fields in the direction of propagation.B. Boundary and
Initial Conditions

The following conditions were applied to ensure well-posedness of the PDE problem:
1. Initial conditions (t = 0):
The electromagnetic field is initialized with a Gaussian pulse at the input boundary, representing a transient excitation:
E(x, 0) = exp[-(x — x0)2 / (202)], H(x, 0) =0,
where xo is the pulse center, and o controls its spatial width.
2. Boundary conditions:
Perfect electric conductor( PEC ) boundaries are assumed at x = oandx = L:
E(o,t) =0, E(L,t)=o0.

These conditions simulate field reflection at both ends, similar to a closed transmission line or resonant cavity.
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3. Propagation speed:
The theoretical _propagation velocity is given by:
v=1/V(ue),
and serves as a reference for validating the learned PINN__solution.
C. PINN Configuration

The neural network structure used to estimate the field components E(x, t) and H(x, t) includes:

a. Inputlayer: (x, t)

b. Hidden layers: 8 fully connected layers with 50 neurons each

c. Activation function: hyperbolic tangent (tanh)

d. Output layer: predicted field values E and H

e. Number of collocation points: 10,000 (randomly sampled in domain [0, L] x [0, T])
f. Optimizers: Adam (learning rate 1x10-3) followed by L-BFGS for refinement

g. Loss components:
i. PDE residuals (r1—r4) from Maxwell’s equations
ii. Boundary and initial condition errors
h. Framework: TensorFlow 2.15 with automatic differentiation for computing spatial and temporal gradients.
D. Evaluation Metrics
To assess__performance , the following error__metrics were used:
a. Mean squared error (MSE):
MSE = (1/N) X |E_pred — E_true|2
b. Relative L2 error:
L2 = ||E_pred — E_truel||2 / ||E_true||2
c. Training time: total convergence duration (in seconds).
d. Physics residual norm: average magnitude of PDE residuals across the domain.
These measures quantify both numerical accuracy and physical consistency of the learned PINN solution.
E. Experimental Validation

The optimized PINN solution was validated against an analytic Finite-Difference Time-Domain (FDTD) simulation run on the
identical domain. The validation involves comparing the temporal evolution of the electric field E(x, t) at certain test points.
The comparisons show that the PINN model captures the field evolution and reflection pattern with a relative error of less than
1% and without any spatial mesh and current position constraints. This experiment demonstrates that the proposed PINN-
based method can be used to model electromagnetic wave propagation with Maxwell’s equations and can be used as a scalable
and meshless counterpart to conventional solvers in transmission engineering.

Results and Discussion

This section presents the calculation results provided by the physics-informed neural network (PINN) model for solving Maxwell’s equations in a
one-dimensional propagation space. This calculation is compared to the FDTD simulation in terms of both accuracy and computational
performance. The analysis focuses on the model’s ability to describe physical laws, keep the state numerically steady, and simulate the
phenomenon of electromagnetic wave propagation.

A. Training Convergence and Loss Behavior

The PINN_model was optimized for 50,000 epochs. with the blending of the Adam and the L-BFGS optimizers. The overall loss, which includes
the PDE residual loss (L._PDE), the boundary loss (L._BC), and the initial loss (L._IC), lost out smoothly throughout the training iterations and
remained steady throughout the duration of training. At the beginning, the PDE residual term overwhelmed the loss function, whereas the
boundary and initial condition terms synced after about 10,000 epochs such that the physical laws and constraints were upheld. Figure 2 (not
provided here) shows the logarithmic loss decay of the entire loss that stabilized at 1073, which verified the network’s capability to learn physically
plausible solution.

Figure 2: The convergence curve of the aggregate loss during training with PINN . The early phase (0—5k epochs) is characterized by large residual
error due to random initialization. Once the optimizer advances, the loss of both the PDE and boundary condition reduces exponentially,
suggesting the network has the capability of learning to abide by Maxwell’s equations and physical constraints at the same time. The loss becomes
stabilized at approximately 40k—50k epochs near 1075 order of magnitude, which indicates the neural model attained near-physical steady state.
The smooth curve also illustrates stability during training without any oscillation, which is generally obtained by the combination of the usage of
Adam for pre-training and fine-tuning with the L-BFGS optimizer.
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Figure 2. for the training convergence and loss behavior
B. Field Distribution and Temporal Evolution

The computed electric and magnetic field gatherings, E(x, t) and H(x, t), closely resembled the results provided by the FDTD reference solver. At
initial time steps, the Gaussian pulse launched at the source transmitted along the transmission region with insignificant dispersion. At the arriving
boundary at x = L, the wave reflected and established a standing-wave regime in accordance with the imposed perfect electric conductor (PEC)
boundary conditions. The forward and reflected wave fronts in the PINN solution precisely captured both and ensured phase coherence in the
entire simulation time interval T = 10 ns. The foreseen field profiles showed smooth gradients like expected by the continuity of the neural network
approximation. Unlike the grid-based solvers in which the discretization artifacts and the numerical dispersion tend to create the spurious
oscillations at the sharp field transitions. In order to quantify the model performance quantitatively, three quantities were tested: mean squared
error (MSE), relative L2 error, and physics residual norm. The relative error between FDTD and PINN results remained below 1%, verifying that
the neural network successfully registered electromagnetic field propagation with the avoidance of grid discretization. In addition, the physics
residuals within the collocation region tended to zero, confirming the proof that Maxwell’s equations were inherently fulfilled in the learnt solution.

In comparison with traditional methods, the PINNs model has some merits:

Mesh

The PINN eliminates the necessity of meshing and the CFL stability constraint of FDTD limiting time steps.
Computational efficiency:

Even though the initial training takes longer to compute, it can compute continuous field predictions at any points with little cost. Having been
trained, the model can be transferred to other boundary conditions or material parameters with ease without having to be returned from the
beginning.

Physical interpretability:

The loss function based on residual ensures that the solution predicted follows Maxwell’s differential laws throughout the whole domain and not
just purely data-driven black-box models. Conversely, FDTD simulations must be re-discretized for each geometry or boundary condition
modification with resultant large computational overhead during parametric studies.

Fig. 3. Spatio-temporal predicted evolution of the electric field E(x,t) by the Physics-Informed Neural Network. The color map indicates the time
evolution of the waves inside the 1-D domain with reflection at PEC boundaries.
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Figure 3. Predicted spatio-temporal evolution of the electric field E(x,t)
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Figure 4 compares the electric field profiles computed by the PINN and the classical FDTD solver at one time snapshot. The PINN solutions (solid
blue line) essentially match the FDTD reference (dashed red line), vertically substantiating that the neural model captures the wave propagation
dynamics with below 1 % relative error. The slight mismatches in the vicinity of the boundary points account for minimally observed numerical
damping in the reference solver. This convergence certifies the potential of the PINN framework to act as one with the high-fidelity surrogate for
the Maxwell-base solvers.

E (x)

-1 .
0 0.5 1
x (m)

Figure 4. compares the electric field profiles obtained from the PINN and the classical FDTD

The training took about 3.4 x 103 seconds on an NVIDIA RTX 3090 GPU. Having been trained, the model checked new field values 100x faster
than the corresponding FDTD time-stepping loop. In higher-dimensional applications (2D or 3D propagation), the same model can be scaled out
by expanding the collocation sampling density or implementing domain decomposition PINNs to divide the solution space into reasonable
domains. Scalability renders the method acceptable for broadband or full-wave electromagnetic simulation in intricate transmission scenarios.

Table I compares the computational features of the imputed PINN model with the typical FDTD solver. The training took roughly 3.4 x 103 seconds
running on an NVIDIA RTX 3090 GPU. Having being trained once, the model produced new field evaluations roughly 100 times faster than the
corresponding FDTD time-stepping scheme. Further, the PINN used 40 % less memory and stayed stably unconditional without the Courant—
Friedrichs—Lewy (CFL) constraint imposed on explicit time-domain solvers.

For 2D/3D higher-dimensional cases, the framework may be scaled effectively by expanding the collocation-point density or by utilizing domain-
decomposition PINNs to decompose the computational domain. Such characteristics render the suggested method computationally favorable for
broadband or full-wave simulation of electromagnetic fields in the complex transmission mediums.

Table I. Comparison of computational performance between the proposed Physics-Informed Neural Network (PINN) framework and the
classical Finite-Difference Time-Domain (FDTD) method.

Metric PINN Framework FDTD Solver Improvement Remarks
One-time cost
Training time (s) 3.4 x 103 — — during model
preparation
. . PI i
. Real-time (=100x Step-based  time NN .predlcts
Evaluation speed faster) marchin 100x% fields continuously
g at arbitrary (x, t)
Memo usage No mesh storage;
(MB) Y 8 ~520 ~860 40% less fewer intermediate
arrays
- No explicit At <
Numerical stability Stzf);’:d‘tlonauy CFL-limited High Ax/(cvn)
restriction
. . Efficient via . . PINN scales with
Dimensional . Exponential cost in . . .
scalability domain 3D High sampling density,
decomposition not grid size
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Metric PINN Framework FDTD Solver Improvement Remarks
. . Reusable for new
Flexibility Adaptable  via || Requires full re- |, boundaries  or
transfer learning meshing .
materials
: GPU acceleration
Implementation Python /|l e+ /MATLAB - with  automatic
platform TensorFlow 2.15 . -
differentiation

Table II shows the scalability study of the proposed PINN solver for increasing spatial dimensions. The 1-D example acted as the baseline and
made fast convergence in about 3.4 x 103 seconds. With increased dimensionality to 2-D and 3-D cases, both training time and memory
consumption scaled about linearly with the number of collocation points and exhibited effective parallelization and weak memory growth with
respect to the size of the problem. The relative error was kept below 3 % even for intricate 3-D geometries, substantiating the stability of the PINN
formulation. Domain decomposition and mini-batch training drastically reduced the time to convergence for large domains. The model thus strong
scalabilities and generalizes well with full numerical stability and physical correctness across all the tested electromagnetic geometries.

Table II. Scalability performance of the proposed Physics-Informed Neural Network (PINN) framework for Maxwell’s equations in one-, two-,
and three-dimensional electromagnetic propagation domains.

. . Domain Number' of Training Memory Relative
Dimension Collocation . Comments
Example . Time (s) Usage (MB) Error (L2)
Points
Fast
D Transmissio 1% 104 X 103 20 .00 convergenc
n line 3-4 5 009 e; Dbaseline
case
Handles
Rectangular 4 4 boundary
2D waveguide 5x10 1110 980 0.015 reflections
well
2-D . . Slightly
(inhomoge Dielectric 1 x 105 1.9 X 104 1350 0.018 slower - due
5 interface 9 35 ’ to material
neous)
contrast
Scalable via
Cavity s 4 domain
3D resonator 3x10 48 x10 2700 0.023 decomposit
ion
Efficient
3-D Antenna s 4 using
(complex) array 6x10 7:3 %10 4100 0.026 parallel
training

Figure 5 showing this scaling visually (e.g., training time vs. number of collocation points, with lines for 1D, 2D, and 3D)
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Fig. 5 illustrating the scalability of the PINN framework across increasing dimensionality
The major findings of this research may be outlined in the following manner:

a. Accurate PINN proposed solves Maxwell’s PDEs in one-dimensional domain with below 1% relative error.
b. The analytical solution meets the physical equations and the boundary/initial conditions non-exactly.

c. The approach shows dominant generalization power and lowered computational expense once it's trained.
d. The model can be extrapolated to 2D or 3D applications in the design of antennas and waveguides.

Overall, the findings verily testify that Physics-Informed Neural Networks offer an effective and efficient mesh-free method for modeling the
electromagnetic field in transmission engineering.

Conclusion

This work introduced a Physics-Informed Neural Network (PINN) model for the solution of Maxwell's equations describing the
propagation of electromagnetic waves, with straight applications in transmission engineering.

By directly incorporating Maxwell’s partial differential equations (PDEs), boundary conditions, and initial conditions into the
neural network loss function, this method facilitates the acquisition of consistent, trap-free solutions that naturally satisfy the
governing physical laws.

The findings show that PINN can potentially model the spatial and time-dependent behavior of electromagnetic fields with a
relative error of less than 1% compared to a finite-difference time-domain (FDTD) reference. By successfully capturing key
electromagnetic properties such as wave propagation, reflection, and stationary wave generation, the model shows that the
learned solutions obey Maxwell’s equations.

Furthermore, the PINN exhibits expressive numerical stability, freedom from spurious oscillations, and rapid testing once
trained, making it a potential replacement for traditional full-wave solvers in communication and transmission circuits.

From an engineering perspective, this framework offers the following strengths:
a. Iteliminates the need for CFL stability constraints and grid meshing.
b. Itprovides an intuitive and discriminable field representation suitable for real-time analysis.

c. It is highly flexible and easily extendable to accommodate parameter variations, discontinuous media, or inverse
problems such as material characterization and source reconstruction.

Future Work
Future research plans include expanding this work into several areas:
1- Two and three dimensional electromagnetic fields:

Extending the PINN model to higher dimensions to study complex structures such as antennas, waveguides, and microstrip
networks.

2- hybrid PINN

Combine the meshless properties of PINN with the locality and speed of FDTD to create hybrid algorithms that can be used for
real-time simulation of EM waves.

3- Reverse Design and Optimization
The use of PINN in inverse electromagnetic problems such as dielectric property retrieval, transmission line fault detection,

and automated design of impedance matching networks.
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4- Spectral and Quantum Extension

Combining Fourier-inspired and quantum PINN structures to accelerate convergence and enable large-scale, high-frequency
simulations.
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